Abstract. 2014 The aim of this work is to prove the segregation process of indium during the growth of GaAs on InAs layers. A variety of structures has been grown to allow us to determine the width of indium distribution according to the growth process. Strained InAs/GaAs films as monolalayers, multilayers or multiquantum wells have been obtained. The indium segregation during growth has been proved in analyzing the electron images of the films and a new method for avoiding indium segregation in InGaAs/GaAs superlattices has been developed. Concerning the detailed image analyzis using image simulation, distortion measurements and intensity measurements have shown that intensity measurement is the most sensitive way to detect InAs containing layers in a GaAs matrix. It is demonstrated that less than 6% of indium can be detected. The segregation process has been demonstrated on symmetrical structures, and the nominal position of indium was determined with reference to AlAs films. Furthermore, a novel technique, which, by predeposition of indium, controls the segregation itself in order to build abrupt interfaces in the InGaAs/GaAs system, has been validated. High quality semiconductors can now be built into complex structures such as quantum wells, superlattices or graded heterojunctions. The quality of the stuctures themselves is illustrated in GaAs/GaAJAs superlattices where the barrier/well interfaces are atomically flat over distances of up to 100 nm and accuracies on the well width of one atomic layer have been claimed [1] . To a certain extent, this advanced state of the art is also true for strained heterostructures. As long as the lattice mismatch does not exceed one per cent typically, a nearly ideal two-dimensional growth mode is preserved for the strained layers. The single essential limitation for these "weakly" strained structures is the well-known existence of a critical thickness for the epilayer (if it is strained as a whole with respect to the substrate), over which plastic relaxation is favorable from the energy point of view. In contrast, the growth of highly strained layers remains particularly challenging at present, due to the strong influence of a large lattice mismatch on the growth mode of the epilayer. For the most important highly strained systems such as Ge/Si [1, 2] or InAs/GaAs [3, 6] a Stranski-Krastanov growth mode can be observed under standard MBE growth conditions : the growth proceeds first bidimensionally (2D growth), but 3D islands nucleate on this 2D wetting layer once the thickness of the strained epilayer exceeds a certain critical thickness in thé few monolayer (ML) range. A 3D morphology is now energetically favored since it permits an efficient relaxation of the highly strained material. Considerable efforts have also been devoted to the suppression of this -generally undesirable-morphology change, with some success for certain approaches (codeposition of surfactant species [7, 8] , low temperature growth [5] , use of special growth techniques such as MBE assisted by ion bombardement [9] or migration enhanced epitaxy [10, 11] ). On the other hand potentially useful heterostructures can also be grown when keeping the individual thickness of each highly strained layer below its critical thickness, including ultrathin strained quantum well layers in an unstrained matrix (such as InAs in GaAs [3] ) and short period superlattices formed by alternate layers under strong biaxial tension or compression (such as InAs/GaAs [10] [11] [12] 13] or InAs/AlAs [11] on InP). For such structures, at least partially built with very thin layers, the structural perfection is however intrinsically limited by surface segregation processes, as shown for numerous systems, including InAs/GaAs [14, 15] , Si/Ge [16] and even (to a lesser extent) the unstrained GaAs/AlAs system [14, 15] . HREM The MBE growth has been described by L. Golstein et al. [3] : it was performed at 550 ° C under As-stabilized conditions in order to optimize the quality of the whole structure.
The MMBE growth has been described by J.M. Gerard et al. [10] . After growth of a 0.5 03BCm thick GaAs buffer layer by standard MBE, the substrate temperature was lowered to 350 ° C during a growth interruption; then column III species and As4 molecules were alternately sent to the sample.
The growth process was monitored on-line by high energy electron diffraction (RHEED) and the average film thickness could therefore be determined. The thickness measurement was confirmed using the X-Ray double diffraction technique [21] assuming a tetragonal distortion of the InAs film as predicted by the continuum elasticity theory. However, this is only an approximation, given that the GaAs surface is not exactly flat as it will be shown later and there is a rhombohedral distortion as described in the work of C. d'Anterroches et al. [22] .
For the electron microscopy study, cross-section samples were prepared by sticking pieces of wafer together and mechanically polishing them. Subsequent conventional ion-milling from both sides (Ar+, 5 kV, 0.5 mua, 150 angle of incidence) was applied to obtain perforation [22] .
Microscopy was performed using a JEOL 200 CX operating at 200 kV, with an aperture of 7 nm-l diameter and a Scherzer defocus value (Af = 60 nm). Three methods, described below, were used to interpret the high resolution images. a) To understand the contrast obtained in HREM, dynamical calculations were performed using Stadelmann's EMS programs [23] . These is an average of the atomic projection column and hole intensity. c) Digitized micrographs were also analyzed in terms of local lattice distortion measurements. This method has been proposed previously by using a vemier-effect directly on the image [22] . This applies to the InAs/GaAs system as the lattice mismatch is large: about 7%. A mathematical method has recently been proposed [24] . A detailed description of the method used in this work is given by PH. Jouneau et al. [25] . Briefly, the positions of all maxima in the digitized images are determined accurately. To obtain a position precision greater than one pixel, the dot position is determined from calculation of the center of mass of the intensity profile. A reference area is chosen in the undisturbed region to measure the displacements between the ideal lattice and the strained lattice. The results is given after averaging along one layer in the direction perpendicular to the growth. High resolution images result from the dynamic interaction between the incident electron beam and the crystal. The [27] in order to apply the so-called "chemical lattice imaging" [28] to the AlAs/GaAs multilayers. The method works very well for distinguishing between GaAs and AlAs films but unfortunately cannot be used to differentiate GaAs an InAs films as explained below.
The contrast variation results from competition between the {200} beams and the {220} or {111} beams. Provided the illumination is coherent, only the dynamic amplitudes [27] !7o2o. U220 or U2oo, Ulli, and relative phases ~020, ~220 or ~200, t'Ill must be determined as a function of sample thickness by executing a numerical Bloch wave calculation. The image intensity of the reciprocal vector g is given by (29) .
with 03C8(g) = Ug exp(i03C8g) and r(g, h) the transmission function.
This has been achieved by using Stadelmann's EMS programs. The amplitudes and phases of the (022) and (020) beams for GaAs (named g) In As (named i) and AlAs (named a) were calculated for an incident electron beam along 100 &#x3E;, and are presented in figure 1 . It can be clearly seen that there is a noticeable difference between the GaAs and AlAs beams, while the GaAs and InAs beams show the same behavior. In figure 2 the amplitudes and phases of the (111) Fig. 3 ), and the distance between two pixels corresponding to 0.02 Â. An 0.9 ML thick InAs film, in GaAs (ML 1) was studied in this way. The high resolution image and corresponding intensity profile are shown in figure 3. The contrast varies over five layers, instead of one. This difference can result from several factors: 1) the lack of accuracy in this approach 2) the intrinsic phenomenon of multiple diffraction of electrons at interfaces, 3) an actual spreading of indium atoms in the structure, resulting either from a diffusion or a segregation process.
In order to evaluate the effect of the multiple diffraction at the interface, the image of a single InAs layer embedded in GaAs has been simulated (Fig. 4) Figure 4a presents the superimposition of the simulated image and atomic positions, and figure 4b the intensity profile, where the profil of two (110) layers are superposed. The intensity M2 corresponding to the (001) InAs ML is lower than that of GaAs (Ml) over two MLs instead of one, this can be explained by modification of the Ga-As interatomic distance due to the strained indium layer. The nonuniformity of the intensity in the bulk (peak height about Ml) is due to computation induced boundary effects. This simulation shows that the contrast of one InAs monolayer differs [3] . However, while the growth is still three dimensional for 2 ML thick films, the strain contrast is not visible because of the too small particle size. Secondly, by measuring the lattice constant directly on high resolution imaging micrographs. This has been done previously [22] directly on the image by superimposing a reference lattice onto a strained lattice. In this work the method developed by RH. Jouneau et al. [25] has been used. The result for ML1 is shown in figure 5 . We measured a detectable distortion over 3 ML instead of 5 obtained by the mean intensity measurement (Fig. 3) [30] . It is difficult to solve the first point with this experiment as the interface roughness is over one monolayer, and can therefore modify the InAs structure [31] . In any case, when comparing with the mean intensity measurements (Fig. 3b) , one can observe that the distortion measurement is less sensitive to a low indium concentration film, but corresponds to a GaInAs film.
Subsequently the sensitivity limits of the two means of image analysis described above were compared by studying a 10 ML Gao.89 Ino.il As/GaAs multilayer (CL1). A low magnification view of this structure (Fig. 6) shows that the layers are clearly visible. The intensity in the high resolution images was measured and is shown in figure 7 . Considering that the mean value of the minimum is not the same below and above the GaInAs layer (which may be due to a variation in the thickness of the specimen), the extension of the indium covers 16 layers between A and B in the figure. This result shows that less than 11 % of indium can be detected using the scattering contrast. On the other hand, using the lattice constant measurement technique, the distortion measured is zero. The distortion must be too small and not abrupt enough because the measurement is performed by differentiation.
In this part we have demonstrated that indium is best detected by measuring the scattering contrast on high resolution images and that an indium concentration as low as 6% can be detected. 4 . Analysis of the experimental results.
4.1 InAs ON GaAs -2D OR 3D GROWTH? -The MBE growth is monitored by RHEED. This technique tends to prove that the transition between two dimensional (2D) and three dimensional (3D) growth occurs for a 1.7 InAs monolayer (ML). Thus we compared 0.9 ML (ML1) and 1.7 ML InAs films (ML2) (Fig. 8) . On the high resolution image, the InAs/GaAs interface appears to be quite abrupt while the roughness is significant on the GaAs/InAs interface. This is confirmed by the intensity profile in figure 8 . The average intensity decreases over two layers, is minimum over three layers, and then recovers over 5 layers. The decrease over two monolayers confirms the simulation shown in figure 4 . If we compare the evolution of MLl with that of ML2, it can be seen that they are quite similar.
This result shows that the evolution from the two dimensional growth to the three dimensional growth is not linked to a clear structure variation. Indeed the roughness of a 0.9 ML thick InAs film analyzed on HREM images is significant. This roughness could not be observed by RHEED in-situ control or by using the two-beam TEM technique. In the RHEED experiment the contrast is proportional to the island size. We thus suggest that either the island size of ML 1 is too small to be detected, and the surface thus seems to be uniform using the RHEED technique, or that there really is a 2D growth of a 1 ML InAs film. However, as the covered monolayer is analyzed using HREM, we can detect the degradation of the flatness due to GaAs overgrowth. As quantum well structures require this GaAs cover, one should not be too confident in the RHEED results. These results show that the high resolution electron microscopy technique allows more direct confirmation of roughness than X-Ray standing waves [34] . Can we obtain short period superlattices in these conditions?
COMPARISON OF TWO GROWTH MODES FOR STRAINED InAs/GaAs SHORT PERIOD SUPERLAT-TICES (sps).
The growth by MBE of (InAs)n(GaAs), on InP has been reported for sometime [12, 13] . Such figure 9a . The excitation spectrum is smooth for CL2a (Fig. 9-2) . Which indicates that the MQW structure has no bidimensional behavior. Contrasted areas on the high resolution transmission micrograph obtained for CL2a (Fig. 9-4) reveal the in-plane inhomogeneities within the well material. These contrasts correspond to strain localized at the interface. The 2D features of the MQW excitation spectrum are reduced if the bandgap variations they entail are of the order of the spacing between the optical transitions. For a 10.5 nm thick quantum well, this effect reveals in-plane fluctuations of the average composition of the SPS exceeding 5%. On the other hand, the observation of bi-dimensional step-like features and the recovery of excitonic peaks in the excitation spectrum for CL2 b (Fig. 9-1 ) confirm a remarkable improvement for the MMBE grown (InAs)2(GaAs)2 SPS. Its homogeneity is also revealed by the high resolution micrograph displayed in figure 9-3, on which alternate bilayers can clearly be identified. The intensity measurement of the HREM image (Fig. 10) shows that a periodicity, pointed X, is maintained. The drastic degradation in the growth mode in MBE (CL2a) result from the influence of existing inhomogeneities on the growth mechanism, via the strain field they generate. Let us consider for instance and indium rich region of the SPS, close to the SPS surface. The surface tends to adopt a larger in-plane parameter above this defect; as a result, the growth of InAs is favored (and the growth of GaAs partially inhibited) in this region, which leads to an overall increase in the in-plane inhomogeneity during growth. (Similarly, this effect can lead to a correlation of the position of the defects, as shown for some InAs/GaAs multiquantum well structures grown on GaAs [3] ). MMBE overcomes this intrinsic tendency of highly strained layers to grow three-dimensionally, as shown not only for InAs/GaAs, but also for other III-V highly strained systems such as InAs/AlAs and GaAs/GaP [2] (The detailed mechanism by which MMBE forces a layer by layer growth mode has been described elsewhere, and will not be discussed here [17] ). As a result, much thicker SPS layers can be grown without any apparent degradation of the growth process. For instance, the high resolution micrograph shown in figure lia has been obtained on a 100 nm thick (InAs)4 (GaAs)3 SPS. The intensity profile shows (Fig. 1 lb) figure 12 . Figure 13 corresponds to the quantum well width n = 5 of sample CL4. The intensity measured on the micrograph shown in figure 13a is the highest for the 3 AlAs MLs (Fig. 13b) . This is followed by a first decrease in intensity corresponding to the five GaAs MLs. Then the intensity decreases more sharply over five MLs to recover its initial value about eight MLs further on. This result shows that there is a high indium concentration over three MLs and then a slow decrease over a wide extent. Figure 14 corresponds to sample CL5. The three quantum wells having respectively n = 3, 5 and 7 were studied. The quantum wells having n = 3 MLs were analyzed using both the lattice constant and contrast measurement. The indium level can be detected either by a decrease in intensity (Fig. 14b ) measured on the micrograph (Fig. 14a) or an increase in lattice constant (Fig.  14c) . It is clear (Fig. 14b) that the contrast associated with GaAs is not recovered before the AlAs film; that is indium atoms spread throughout this layer during growth. The lattice constant measurement (Fig. 14c) offers a supplementary result: the AlAs parameter is lower than that of the GaAs, and this is the case for the three quantum wells (n = 3, 5 or 7). This cannot be understood using the uniform planar strain model, but could be interpreted taking into consideration the interface steps [22] .
This experiment clearly confirms that this asymmetric redistribution of indium atoms is due to a segregation process, and not to a bulk diffusion process at growth temperature (which would also lead to a spreading of indium atoms into the layer below the nominal InAs layers).
It is particularly interesting to study the location of the first ML containing indium. Equilibrium models of the segregation process [15] assume the existence of an exchange reaction on a microscopic scale between In and Ga atoms; when an extra ML (s) is deposited during growth, an exchange reaction occurs between this new surface ML and the previous one (s -1). Since the bond energy is smaller for In-As than for Ga-As bonds, the presence of In atoms at the surface is favorable, the surface ML ( s ) is always more rich in indium than the first buried ML ( s -1 ) and the In composition get the xeq value (Fig. 15a) . However, due to the entropy term in the ex- pression of the free energy, the indium atoms of this surface bilayer are not all segregated in the surface ML. A part of these indium atoms is incorporated in ML s -1. When GaAs is deposited on InAs, this partial surface segregation and progressive incorporation of the indium atoms leads to the typical composition profile shown in figure 15b. nominal position of the InAs ML is n. Futhermore, the maximal indium composition in the final structure is predicted in this frame to be reached for ML (n -1). If we now consider figures 13b and 14b, we can see that the brightness of ML (n -1 ) is always very close to that observed for pure GaAs and corresponds to the calculation shown in figure 4 ; on the other hand, the first ML containing a large amount of indium is apparently ML n. This experiment reveals very clearly that the exchange reaction does not occur (or is very far from reaching the equilibrium configuration of the surface) when InAs is deposited on GaAs.
Samples CL4 and CL5 were also studied by low temperature (8 K) photoluminescence. Bandgap differences as large as 30 meV were observed for such pairs of InAs/GaAs/AlAs asymmetric quantum wells nominally identical but for the growth direction. This bandgap difference is obviously due to the surface segregation of indium atoms. On average, these atoms drift towards the top GaAs/AlAs interface in sample CL5, and towards the centre of the GaAs/AlAs quantum well for sample CL4. The electronic gap of the QW is therefore respectively enhanced (for CL5) and reduced (for CL4) with respect to its nominal value. This experiment highlights how deeply segregation processes can affect the electronic properties of such QWs. This high sensitivity of the bandgap difference for pairs of asymmetric InAs/GaAs/AlAs samples (identical but for the growth direction) allows the segregation process to be studied in detail. A comparison of these experimental results with theoretical estimates (obtained for various composition profiles for the indium containing layer) has been undertaken [18] . [20] . In order to validate this approach, and ex situ comparison of InGaAs quantum wells grown under standard conditions or using this technique was however necessary. Multi quantum well samples CL1 (standard MBE) and CL6 (prelayer+thermal annealing) were studied for this purpose. Both structures contain nominally eight (10 ML Ino. 11 Gao. 8 9 As)/GaAs quantum wells. High resolution X-ray diffraction was used to characterize these samples. This experiment confirmed that the total InAs quantity per quantum well (which defines the mean lattice parameter of the superlattice along the growth direction) is the same within the experimental resolution for both samples. Therefore, the different behavior of CL1 and CL6 can only result from a different distribution of indium atoms within the structure.
The high-resolution micrograph obtained for sample CL6, and the corresponding brightness profile, are shown in figure 16 . A comparison with figure 7 (obtained for CLl) highlights the drastic improvement in the interfacial abruptness obtained for sample CL6. The intensity is significantly smaller than for pure GaAs only in a 10 ML thick region, as expected for a perfect localization of indium atoms at their nominal position. The intensity is essentially constant for the central MLs of the InGaAs film, and increases at the edges of the quantum well over a two Fig. 16 . -High resolution image of CL6 (16a) and the corresponding intensity profile around the Gao.89 Ino. 11 As film. The abruptness of the composition profile is clearly shown for both interfaces of the quantum well; X is the determined interface.
ML thick region, which corresponds to our experimental resolution on composition gradients. As a result no deviation from an ideally abrupt composition profile can be observed here by HREM for sample CL6 . Figure 17 presents the low temperature PL spectra obtained for samples CL1 
